Introduction {#Sec1}
============

Flexible mechanoelectrical devices have generated broad interest for energy production in self-powered wearable electronics that include human healthcare sensors, surgery tools, muscle-driven energy scavengers, communication devices, and smart textiles^[@CR1],[@CR2]^. Electret materials^[@CR3],[@CR4]^, possessing a quasi-permanent electric charge or dipole polarisation (ferroelectric) that can be converted to electrical energy by mechanical force, are one of the key components for powering such mechanoelectrical devices. Conventional electret materials used in such devices are generally solid films composed of insulating polymeric materials^[@CR5],[@CR6]^. Solid materials possessing intrinsic dipoles, high dielectric properties and high surface charge densities are generally known to exhibit promising electret properties. Several factors for the molecular design of electret are considered including the surface polarity, conjugation length, hydrophobicity, morphology, architecture, donor/acceptor strength, and interfacial energy barrier, which can affect charge storage properties^[@CR7]^. The existence of liquid-electrets, in which the liquids have a net electrostatic charge, e.g. charged droplets of liquid analyte produced in the electrospray mass spectrometer^[@CR8]^, charged liquid micelles^[@CR9]^, and liquids containing charged colloidal particles^[@CR10]^, is possible in principle. However, the charge storage potentiality of liquid materials has never been considered a power source in electret devices that could advance the technical applications of stretchable/wearable mobile electronics^[@CR11]^, human patches^[@CR12]^, and electrode-less electrogeneses^[@CR13]^. In fact, the fundamental properties of a liquid (e.g. fluidity with fast diffusion of molecules, easy processing, defect-free, and ultimate flexibility with high deformability) are prerequisites for the promotion of flexible/stretchable device technologies. Herein, the design concept of solvent-free molecular liquid-electrets is presented, which are non-volatile substances capable of holding a (pseudo)-permanent charge. The present strategy of creating a liquid-electret material involves shielding of a π-conjugate molecular unit with insulating and flexible bulky-alkyl chains^[@CR14]^, wherein porphyrin was chosen as the charge-storing π-unit. The hydrophobic and insulating nature of the alkyl chains stabilised the trapped charge rendering from air and electrostatic interactions. Moreover, the fluidic nature of the liquid-electret was beneficial for providing maximum device deformability even in the bent and stretched states.

In this report, first the molecular design strategies of liquid porphyrins with a shielded π-unit have been discussed, followed by a guide to fine-tuning of their liquid-physical properties by altering the substitution positions of the branched alkyl chains on the periphery of tetraphenylporphyrin. Because of attaching highly bulky and flexible alkyl chain moieties, a subtle porphyrin ring distortion was observed. The impact of this distortion on the electronic perturbations have been investigated in detail. The non-planar conformational changes of the π-units^[@CR15]^, in particular the π-extended macrocycles^[@CR16]--[@CR18]^ and many biological systems^[@CR19]^, are crucial for controlling their optoelectronic functions. Finally, as a proof-of-concept, the shielded π-units of porphyrin and their inherent liquid nature were considered together and revealed unconventional liquid-electret-based flexible and stretchable mechanoelectrical devices, which are of practical importance for the development of wearable electret^[@CR20]^ and nanogenerator^[@CR21]^ applications.

Results {#Sec2}
=======

Molecular design and characterisation {#Sec3}
-------------------------------------

The porphyrin derivatives (compounds **1**--**4**, Fig. [1a](#Fig1){ref-type="fig"}) were designed by attaching Guerbet alcohol-based^[@CR22]^ branched alkyl chains on the *meso*-phenyl groups of 5,10,15,20-tetraphenylporphyrin (H~2~TPP, compound **5**). The compounds were successfully synthesised (Supplementary Fig. [1](#MOESM1){ref-type="media"}) and unambiguously characterised by nuclear magnetic resonance (NMR) spectroscopy (Supplementary Figs. [2](#MOESM1){ref-type="media"}--[9](#MOESM1){ref-type="media"}) and matrix-assisted laser desorption ionisation-time of flight (MALDI-TOF) mass spectrometry (Supplementary Figs. [10](#MOESM1){ref-type="media"}--[13](#MOESM1){ref-type="media"}). The liquid porphyrins were dried under high vacuum at 323 K overnight to ensure the absence of any trace amount of trapped solvent. It is known that the alkyl substituents at the 2-position of the phenyl unit are important for isolating the π-core of liquid pyrenes^[@CR23]^ and reducing the viscosity of liquid fullerenes^[@CR24]^. The compounds **2** and **4** were designed to reveal the effect of alkyl substituents at the 2-position of *meso*-phenyls on the shielding of  the porphyrin π-core as well as their influence on the optical, thermal, and rheological properties in the liquid-state.Fig. 1Molecular design of liquid porphyrins. **a** Chemical structures of compounds **1**--**6**. The branched alkyl chains of different chain lengths such as 2-butyloctyl (compound **1**), 2-hexyldecyl (compounds **2** and **4**) and 2-octyldodecyl (compound **3**) were attached on the *meso*-phenyl groups of tetraphenylporphyrin (compound **5**) through an ether linkage. In compounds **1**--**3**, the alkyl chains were attached at the 2,5-positions (these positions are considered with respect to the phenyl carbon which is attached to the *meso*-carbon of the porphyrin ring), while in compound **4**, the attachment was at the 3,5-positions of the *meso*-phenyl groups. Compound **5** was used as a standard and compound **6** was considered as a model compound for theoretical simulation. **b** Photo image of the solvent-free liquid-physical appearance of compound **4** at 296 K

Liquid physical properties {#Sec4}
--------------------------

Compounds **1**--**4** were obtained as viscous fluids at 296 K in solvent-free condition. In polarised optical microscopy (POM), no birefringence texture appeared for these fluids at ambient temperature and even after storing at 277 K for several months, indicating their amorphous state and the absence of long-range ordered structures (Supplementary Fig. [14](#MOESM1){ref-type="media"}). The photoconductivity maximum (*ϕ*Σ*μ*~max~) values of \~1.0 × 10^−5^ cm^2^ V^−1^ s^−1^, obtained for compounds **2** and **4** by the flash-photolysis time-resolved microwave conductivity (FP-TRMC)^[@CR25]^ technique (Supplementary Fig. [15](#MOESM1){ref-type="media"}), further confirmed the lack of long-range ordering of porphyrin units. These *ϕ*Σ*μ*~max~ values are one order of magnitude smaller than those of well-ordered porphyrin assemblies measured by the same technique^[@CR26]^. The amorphous nature of these liquids was also investigated by small- and wide-angle X-ray scattering (SWAXS) analysis (Fig. [2a](#Fig2){ref-type="fig"}). Both compounds **2** and **4** exhibited two broad halos, which are typically observed for alkylated-π liquid systems^[@CR23],[@CR27]^. The halo at lower *q* region was assigned to the distributed distance between the randomly oriented π-rich TPP units that were separated by bulky alky side-chains. The average TPP-TPP separation distance in compound **2** (18.5 Å) was shorter than that in compound **4** (20.9 Å). This is because of the alkyl chains at 3,5-positions, which are distributed outward from the TPP-unit of compound **4** (density (*d*) = 0.97 g/cm^3^) and make its effective volume larger than compound **2** (*d* = 0.98 g/cm^3^), where the alkyl chains at 2*-*position can flip inward over the porphyrin-unit.Fig. 2Impact of the positions of alkyl substituents on the liquid physical properties. **a**, SWAXS profiles of compounds **2** and **4** at 296 K. **b**, **c** Change of complex viscosity (*η*\*) of compounds **2** (**b**) and **4** (**c**) as a function of angular frequency *ω* at various temperatures ranging from 288 to 358 K. **d** Comparison of magic-angle spinning (MAS) ^13^C NMR spectra of compounds **2** and **4** in cross-polarisation (CP)-MAS mode, which was collected in the solvent-free liquid-state under MAS of 12.5 kHz at 296 K. **e** Heat capacity (*C*~*p*~) measurements by using a custom-made calorimeter under adiabatic condition

The higher loss moduli (*G*″) over storage moduli (*G*′) obtained in the rheological measurements confirmed the liquid characteristics of compounds **1**--**4** at 298 K (Fig. [2b, c](#Fig2){ref-type="fig"} and Supplementary Fig. [16](#MOESM1){ref-type="media"}). Importantly, compound **2** behaved as a Newtonian-type fluid while compound **4** acted as a non-Newtonian-type, which were evidenced by their angular frequency (*ω*), and independent and dependent complex viscosity (*η*\*), respectively. At relatively high temperatures, the decrease of *η*\* with increasing *ω* (Fig. [2c](#Fig2){ref-type="fig"}) and strain amplitude dependent modulus behaviour (Supplementary Fig. [16c](#MOESM1){ref-type="media"}) indicated a shear-thinning behaviour of compound **4**. In addition, compound **4** exhibited *η*\* that was five-fold that of compound **2**.

In order to investigate the fluidity on the molecular motion correlation time scale, the magic-angle spinning (MAS) solid-state NMR (SSNMR) technique was applied to neat samples. Although the proton signals were broad, the features of ^1^H NMR spectra of compounds **2** and **4** in this neat state (Supplementary Fig. [17](#MOESM1){ref-type="media"}) resembled those in solution (Supplementary Figs. [4](#MOESM1){ref-type="media"} and [8](#MOESM1){ref-type="media"}). Compared to compound **4**, relatively sharper and better-resolved signals appeared for compound **2**. In cross-polarisation MAS (CP-MAS) mode, static ^1^H--^13^C dipolar interactions increase CP efficiency and hence the intensity of ^13^C NMR signals increase in the correlation time scale of 10^−2^--10^−4^ s^[@CR28]^. Experimentally in CP-MAS mode (Fig. [2d](#Fig2){ref-type="fig"} and Supplementary Fig. [18a](#MOESM1){ref-type="media"}), ^13^C NMR signals of the alkyl carbons of compound **4** appeared as sharper and more intense signals than those of compound **2**. While in direct single pulse excitation with the proton-decoupling MAS (DD-MAS) mode, ^13^C NMR experiments with short spin-lattice relaxation time (*T*~1~) afforded increased signal intensity due to decreased signal saturation. ^13^C (*T*~1~) value decreases significantly in the correlation time scale of 10^−5^--10^−8^ s^[@CR28]^. In DD-MAS mode, the alkyl carbon signals of compound **2** were relatively sharp and intense (Supplementary Fig. [18b](#MOESM1){ref-type="media"}). These results revealed a faster molecular motion of compound **2** over compound **4** in terms of alkyl chain mobility. This faster molecular motion could also be correlated to the lower liquid bulk-viscosity according to the Stokes-Einstein relation (*τc* = 4*πηa*^3^/*kT*, where *τc*, *η*, *a*, *k*, and *T* are correlation time, viscosity, molecular radius, Boltzmann's constant and absolute temperature, respectively) observed for compound **2** than that of compound **4** as discussed before.

To gain further insight into the liquid characteristics and differences in the fluidity of compounds **2** and **4**, their heat capacities were measured by using a custom-made adiabatic calorimeter^[@CR29]^. A heat capacity jump (*∆C*~*p*~) accompanying enthalpy relaxation, which is characteristic of glass transition, appeared at \~208 K for both compounds **2** and **4** (Fig. [2e](#Fig2){ref-type="fig"}). The magnitude of *∆C*~*p*~ (\~1000 J K^−1^ mol^−1^) was much larger than those of common glass forming liquids; e.g. the *∆C*~*p*~ of a typical glass-former orthoterphenyl (OTP) is 110 J K^−1^ mol^−1[@CR30]^. The large *∆C*~*p*~ could be attributed to the tremendous conformational disorder of the long and branched alkyl chains of compounds **2** and **4**. It is also interesting that *∆C*~*p*~ in the case of compound **2** was 2% larger than that of compound **4** at temperatures above *T*~g~. This possibly reflects the low viscosity and less ordered local structure of compound **2**. The stable thermal properties^[@CR17],[@CR31],[@CR32]^ of compounds **2** and **4** were also confirmed by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) (Supplementary Figs. [19](#MOESM1){ref-type="media"} and [20](#MOESM1){ref-type="media"}).

Optical properties {#Sec5}
------------------

The UV-Visible absorption spectra of solvent-free liquids compounds **2** and **4** exhibited one strong Soret band at 427--428 nm and four weak Q-bands (marked as **I**--**IV**, Fig. [3a](#Fig3){ref-type="fig"} and Supplementary Table [1](#MOESM1){ref-type="media"}) in the range of 514--654 nm. A similar spectral feature was also observed in their dichloromethane solution (Fig. [3b](#Fig3){ref-type="fig"}), indicating sufficient shielding of the porphyrin-unit by the alkyl side-chains. However, both the Soret and Q-bands in the solvent-free state were slightly broadened and red shifted by 5--7 nm, which could be attributed to the close but random association of molecules^[@CR33]^.Fig. 3Electronic properties of porphyrin unit. **a**, **b** Comparison of UV-Visible absorption spectra of compounds **2** and **4** in the solvent-free liquid state (normalised at Soret-band peak intensity) (**a**) and dichloromethane solution (**b**). The four Q-bands are designated as **I**--**IV**. **c**, **d**, UV-Visible absorption (**c**) and the corresponding MCD spectra (**d**) of compounds **1--3** recorded in dichloromethane. The systematic changes in the Q-bands are shown at bands **I** and **III**. Solutions having concentrations 1.2 × 10^−6^ M and 2 × 10^−5^ M were used for recording the Soret and Q-band spectra, respectively, in dichloromethane

Unexpectedly, a slight red-shift and subtle enhancement in the intensity of the lowest energy Q-band (**I**) of compound **2** was observed as compared to that of compound **4**, which was only visible after many fold magnifications of its intensity (insets of Fig. [3a, b](#Fig3){ref-type="fig"}). In addition, the Soret band in the solution spectrum of compound **2** was of lower intensity than that observed in the spectrum of compound **4** (Fig. [3b](#Fig3){ref-type="fig"}). More importantly, the intensity order of the Q-bands of compound **2** did not follow the order **IV** \> **III** \> **II** \> **I**, while those of compound **4** did, which is normally observed in the standard molecule **5** (Supplementary Fig. [21](#MOESM1){ref-type="media"}). These subtle differences in the absorption spectra may hint at the non-identical electronic structures of compounds **2** and **4**. Furthermore, the alkyl protons of compound **2** observed in solution ^1^H NMR were found to be shifted slightly more upfield than compound **4** (Supplementary Fig. [22](#MOESM1){ref-type="media"}), revealing the close association of the porphyrin unit and the 2-position alkyl chains in compound **2** that were influenced by the macrocyclic ring current. Thus, the electronic perturbation in compound **2** appeared to be affected by the bulky-alkyl side-chains at the 2-position, which restricted the rotation of the *meso*-phenyl groups. Therefore, the fundamental impact of the bulkiness of the alkyl side chains at the 2,5-positions on the electronic perturbation of porphyrin-unit was further studied using a series of derivatives compounds **1**--**3** (Fig. [1a](#Fig1){ref-type="fig"}) having different alkyl chain lengths. For instance, a gradual enhancement in the bulkiness was presumed with the increasing lengths of the alkyl side chains from compounds **1** to **3** and the following experiments were therefore performed to test this hypothesis.

Effect of alkyl chain on electronic perturbation {#Sec6}
------------------------------------------------

The UV-Visible absorption spectral features in the dichloromethane solutions of compounds **1**--**3** were essentially similar except for a few small differences in the Q-band region (Fig. [3c](#Fig3){ref-type="fig"}). With increasing alkyl chain lengths, band-**I** was slightly red shifted with a concomitant increase in intensity. Interestingly, compounds **2** and **3** did not follow the Q-bands intensity order **IV** **\>** **III** **\>** **II** **\>** **I**. Gouterman's "Four-Orbital" model^[@CR34],[@CR35]^ attributes this anomalous behaviour in intensity of the absorption spectra to the energy gaps between the two highest occupied molecular orbitals (HOMO and HOMO‒1; i.e. *∆*HOMO) and two lowest unoccupied molecular orbitals (LUMO and LUMO + 1; i.e. *∆*LUMO) (for details, see Supplementary Fig. [23](#MOESM1){ref-type="media"}).

Here, the relative magnitudes of *∆*HOMO and *∆*LUMO were investigated by applying magnetic circular dichroism (MCD) spectroscopy for a fundamental understanding of the ground and excited state degeneracy arising from the Zeeman splitting of the electronic states^[@CR36]--[@CR38]^. The negligibly small changes in the UV-Visible absorption spectra, particularly at Q-bands **I** and **III** (Q~*x*~ and Q~*y*~, respectively), were found to be significant and more prominent in their corresponding MCD spectra (Fig. [3d](#Fig3){ref-type="fig"}, for details, see Supplementary Note [1](#MOESM1){ref-type="media"}). The signs of Q~*x*~ and Q~*y*~ gradually became opposite with increasing chain lengths in compounds **1**--**3**. This unique reversal of the MCD-sign sequence is rarely observed for free-base porphyrinoids^[@CR39]--[@CR41]^. On considering Michl's^[@CR42]^ "soft MCD chromophores" model, it was inferred that the gradual increase in the relative value of *∆*LUMO with increasing chain lengths was responsible for such reversal of the MCD-sign sequences (Supplementary Fig. [24](#MOESM1){ref-type="media"}). It should be noted that an identical trend of MCD-sign sequences was also observed in their solvent-free liquid-state (Supplementary Fig. [25](#MOESM1){ref-type="media"}).

This kind of perturbation in *∆*LUMO is mainly known to occur either by introduction of electron-withdrawing/donating substituents at the periphery of porphyrin-unit, which can directly influence the π--system, as observed for chlorins or bacteriochlorins^[@CR39]--[@CR41]^ or because of the macrocyclic ring distortion. However, in the case of compounds **1**--**3**, the first explanation can be disregarded because only the length of the alkyl chain is changed (increases). Therefore, structural distortion may be the most probable reason for the reversal of MCD signs^[@CR38]^. The non-planar distortion of the porphyrin ring in compounds **1**‒**3** was further confirmed by subsequent resonance Raman (RR) measurements^[@CR43]^ and theoretical model calculations.

Subtle ring distortion with increasing alkyl chain lengths {#Sec7}
----------------------------------------------------------

While the RR spectra of compounds **1**--**3** in dichloromethane (Fig. [4a](#Fig4){ref-type="fig"}) were quite similar with few systematic changes in the range of 1100--1650 cm^‒1^, they were nearly identical in the 600--1100 cm^‒1^ region (Supplementary Fig. [26](#MOESM1){ref-type="media"}). Mode assignments (Supplementary Note [2](#MOESM1){ref-type="media"}) were made based on the comparison of the RR spectrum and the DFT normal mode analysis for free-base H~2~TPP^[@CR44]^ in *D*~4*h*~ symmetry (vide infra) since the spectra of compounds **1**--**3** were similar to that of H~2~TPP. The new bands at 1522--1523 and 1541--1542 cm^‒1^ become prominent in compounds **2** and **3** with the increasing length of the alkyl chains, while these bands were absent in compound **1** (Fig. [4a](#Fig4){ref-type="fig"}). The newly appearing bands were assigned to the E~u~ modes in *D*~4*h*~ symmetry on the basis of frequencies of 1535 and 1545 cm^--1^ (Fig. [4b, c](#Fig4){ref-type="fig"}) obtained by the DFT calculations (Supplementary Table [2](#MOESM1){ref-type="media"}). The *D*~4*h*~ symmetry of the porphyrin macrocycle was likely lowered in compounds **2** and **3** to either of its subgroups because the E~u~ mode was symmetrical and thus RR inactive. Moreover, the appearance of the E~u~ bands at \~1523 and \~1542 cm^‒1^ indicated the non-planarity of the porphyrin macrocycles in compounds **2** and **3**; this is because symmetry lowering to the *D*~2*h*~ (planar) structure does not result in the increase of Raman or RR active modes (Supplementary Table [3](#MOESM1){ref-type="media"}). The bands at 1522--1523 and 1541--1542 cm^‒1^ should therefore be assigned to the E modes (in-plane vibration) of *D*~2*d*~ (saddled) and *S*~4~ (ruffled) symmetries^[@CR45]^.Fig. 4Experimental evidence of subtle porphyrin ring distortion. **a** Resonance Raman spectra for compounds **1**‒**3** in the high frequency region recorded by exciting at 405 nm in dichloromethane at room temperature. With increasing chain lengths, the three bands centred at 1204, 1522--1523, and 1541--1542 cm^--1^ become prominent. **b**, **c** Eigenvectors calculated for the two E~u~ modes ν~37~ at 1535 cm^--1^ (**b**) and ν~38~ at 1545 cm^--1^ (**c**). These modes are associated with out-of-plane stretching of porphyrin ring. **d** Time-resolved fluorescence spectra of compounds **1**‒**3** collected at 40 ps of excitation, measured in toluene by exciting at 400 nm

Similarly, the band at 1204 cm^‒1^ in compounds **2** and **3** was assigned to another E~u~ vibrational mode ν~51~, which appeared at 1248 cm^‒1^ in the DFT calculations. These findings showed that the porphyrin macrocycle became less planar with the increasing chain length. The changes in the orbital energies (Supplementary Table [4](#MOESM1){ref-type="media"}) were calculated by the DFT, in addition to the normal modes characterised by the saddling distortion or ruffling distortion (Supplementary Fig. [27](#MOESM1){ref-type="media"}), which lower the molecular point group symmetry from *D*~*4h*~ to *D*~*2d*~ and *S*~*4*~, respectively. The effect of increasing distortions of the porphyrin ring was further reflected in the monotonous decrease in the fluorescence lifetime in the order of compound **1** \> compound **2** \> compound **3** (Fig. [4d](#Fig4){ref-type="fig"} and Supplementary Fig. [28](#MOESM1){ref-type="media"}). The non-planarity accelerated the non-radiative decay, which resulted in a decrease in the fluorescence lifetime. The observed spectral changes could mainly be explained by ring distortion, while the length of alkyl chains in the series compounds **1**‒**3** will not perturb their electronic state in a direct manner. The effects of ring distortion on the electronic state of porphyrin are still controversial^[@CR46]^, because the electronic state could be perturbed by the use of a variety of peripheral substituents and/or central-metal ions in addition to the non-planar ring distortion, as shown in previous studies^[@CR47],[@CR48]^. Therefore, these results provide direct evidence that the porphyrin ring distortion substantially influences its electronic states.

Liquid electret applications {#Sec8}
----------------------------

An electret is an insulating dielectric material that exhibits quasi-permanent charge or dipole moment in the bulk and hundreds of potential voltage on its surface, which can be used to provide a self-sustaining bias voltage for electrostatic power generators^[@CR3]--[@CR6]^. In this study, alkyl insulated porphyrin-units were used to illustrate the uncommon liquid-electret properties that allowed holding of the quasi-electric charges on corona-charging under the facile device fabrication process (Methods and Supplementary Fig. [29](#MOESM1){ref-type="media"}). It should be noted that both compounds **2** and **4** exhibited similar electret performance; consequently, further discussions are based on the results of liquid **2** as a representative case.

After the completion of corona charging, the surface potential of the liquid compound **2** was measured to be −330 V. Next, a sandwich-type electret device was fabricated (Fig. [5a, b](#Fig5){ref-type="fig"}) in which the distance between the electrodes was maintained at 0.5 mm by using a polyimide spacer. When the mechanical stress (pressure) was applied to the upper anode electrode of the device, a voltage pulse of about −0.1 V was generated (Fig. [5c](#Fig5){ref-type="fig"}). It was found that even after storing the device for seven days under ambient conditions, the mechanoelectrical effect remained active (Fig. [5d](#Fig5){ref-type="fig"}), indicating that the stable electret state could be maintained for prolonged time. The stability of this liquid-electret device was further studied by examining its decay by measuring the average output voltage (V) as a function of time (Fig. [5e](#Fig5){ref-type="fig"}) under ambient conditions. The pressure was applied by letting a 10 g metal block fall freely from an exact 10 cm height above the device surface. A fast decay of voltage was observed during the initial 12 h and after that the average output voltage stabilised over the experimental duration of 1044 h (43.5 days).Fig. 5Liquid electret characteristics exhibited by liquid porphyrin. **a** Photograph of the prototype liquid-electret device. **b** Schematic diagram of the cross-sectional view of the constructed liquid-electret device. **c**, **d** Output voltage characteristics of the liquid-electret device in its initial state (**c**) and after 7 days (**d**). **e** Decay graph of liquid-electret device showing the stability of average output voltage (V) on time scale (hour). The error bars represent the standard deviation of three measurements. **f**, **g** Photographs of the stretchable liquid-electret device prepared with a stretchable textile; before stretching (**f**) and after stretching (**g**). **h** Schematic diagram of the cross-sectional view of the stretchable liquid-electret device. **i** Comparison of output voltage characteristics of the stretchable liquid-electret device with textile in the presence and absence of liquid-electret porphyrin

This liquid-electret device showed similar electret properties compared to conventional solid-electret film. For instance, the standard solid film-type-electret composed of copolymer of tetrafluoroethylene and perfluoroalkoxyethylene (PFA)^[@CR49]^ exhibited similar intensity of voltage signals as that of the liquid-electret (Supplementary Fig. [30](#MOESM1){ref-type="media"}).

In a control experiment, on corona charging to the individual constituent components of liquid porphyrin compound **2**, i.e. analogous solid compound **5** and the pure liquid alkyl chain (*2*-hexyl-*1*-decanol), exhibited negligible static electric surface voltages (\~−0.05 V and −0.02 V respectively, after 30 min of corona charging), indicating their non-electrified state (Supplementary Fig. [31](#MOESM1){ref-type="media"}). Thus, these experiments suggested that both the liquid feature (which, decreased its semiconducting properties) and suitable functional π-core were complementary to each other; a conclusion that is relevant while designing such unconventional liquid-electret materials.

The most distinguishing characteristic of the liquid-electret is its free shape and deformability, which was further integrated into a prototype stretchable device as demonstrated in Fig. [5f--h](#Fig5){ref-type="fig"} (Supplementary Movie [1](#MOESM3){ref-type="media"}). Polyurethane and silver-plated nylon fibres were employed as stretchable materials^[@CR50]^ and because of its free-flowing properties, the liquid porphyrin could directly penetrate a stretchable textile (Fig. [5h](#Fig5){ref-type="fig"}). By applying finger-pressure on this stretchable device, voltage pulses of around −0.1 V were observed, while in case of only textile, no such mechanoelectrical effect was observed (Fig. [5i](#Fig5){ref-type="fig"}).

The electroacoustic performance of this liquid-electret was further tested by integrating the device with an AC inverter and a vibration sensor (Supplementary Fig. [32](#MOESM1){ref-type="media"}). The oscillation characteristics measurement of this device confirmed \~200 Hz oscillation frequency output, which is an audible sound, while applying 1 kHz input frequency from the AC inverter. At this stage, it was assumed, the viscoelastic properties of the liquid-electret could explain the downshift of the output frequency.

The fate of the charged--species (positive/negative ions) in the π-core of the liquid porphyrin units was further examined by absorption spectral analysis. A thin film of compound **2** coated on the conducting surface of ITO-glass showed a slight increase in the intensity of its lowest energy Q-band after corona discharge as compared to the same before charging (Supplementary Fig. [33](#MOESM1){ref-type="media"}), indicating that there were certain electronic interactions between the charged particle and the π-unit that stabilised in this liquid. These small changes in the absorption spectra could be attributed to charging that occurred mainly at the surface of the film. A more precise analysis and fine-tuning of the electronic effect of corona-discharged π-unit are under investigation.

Discussion {#Sec9}
==========

A novel strategy involving the use of a shielded π-unit of liquid porphyrins with trapped charge as an unprecedented 'liquid-electret' has been reported. The liquid-electret was primarily fabricated for demonstrating its piezoelectric and electroacoustic functions. Shielding of the π-core with hydrophobic and insulating bulky-alkyl chains enabled these liquid porphyrins to store electric charges, which was not possible with the unshielded solid H~2~TPP analogue. The fluidic nature of these liquids provided sufficient deformability that can be granted for device stretchability. This molecular design of an unconventional liquid electret presents a new direction toward mechanoelectrical and electroacoustic applications for advanced wearable/stretchable electronics. The fluidic nature of the liquid porphyrins was also studied and found to be influenced, slightly but surely, by the position of the alkyl substituents. Subtle porphyrin ring-distortions as the consequence of bulky-alkyl chains (in compounds **1**--**3**), which eventually had a negligible impact on the electronic perturbation, were unambiguously characterised by precise analyses of absorption, MCD, resonance Raman spectroscopy, and computational modelling. It is well known that the non-planar distortion of the porphyrinoid ring is invaluable to the biological functions of proteins. Therefore, this current finding could also be exploited to study the effect of conformational change on the biological functions associated with the porphyrinoid systems. A detailed understanding of the electronic structure of the shielded π-core environment is important for further design and implementation of liquid-electret devices toward wearable-healthcare electronic applications and such efforts are currently under progress in our laboratory.

Methods {#Sec10}
=======

Synthesis {#Sec11}
---------

Compounds **1--4** were synthesised via the typical porphyrin condensation reaction between pyrrole and the corresponding aldehydes at reflux for 4--5 h in propionic acid (Supplementary Fig. [1](#MOESM1){ref-type="media"}). It should be noted that the 2,5-derivatives (compounds **1**--**3**) existed as mixtures of all possible atropisomers at 296 K, which was confirmed by ^1^H NMR experiments. For example, the ^1^H NMR spectrum of compound **2** after refluxing in toluene overnight under argon was identical to the spectrum obtained without refluxing.

MCD experiment {#Sec12}
--------------

The solutions of compounds **1**--**5** (in CH~2~Cl~2~) in 1 cm quartz cuvettes were placed in the instrument holder sitting between two magnetic coils. As quartz is optically active, the same direction and orientation of the same quartz cell was maintained for all the experiments. In the case of solvent-free liquid state measurements, a thin film of the liquid sample was sandwiched between two quartz plates that were placed in a 2  mm quartz cuvette. This cuvette containing quartz plates was set in the sample holder through a spacer. In this case as well, the direction and orientation of both the cuvette and quartz plates were left unchanged for all measurements. Data acquisition for the Q-band envelopes needed nine-times accumulation to achieve sufficient S/N ratios because of their low intensity.

RR measurements {#Sec13}
---------------

A continuous wave (cw) single-mode diode laser (Innovative Photonic Solutions, I0405SD0050B-TK) with a wavelength of 405 nm was used to excite RR scattering of compounds **1**--**3**. Laser power at the sample point was 3.0 mW. The sample solution was placed in a glass tube used as a spinning cell and Raman light scattered at 90° was collected and focused onto the entrance slit of a spectrograph (HORIBA Jobin Ybon, iHR550) equipped with a CCD camera (Roper Scientific, SPEC-10:400B/LN-SN-U). The accumulation times for obtaining each spectrum were 10 and 5 min for 600--1100 and 1100--1650 cm^−1^ regions, respectively. The Raman shifts were calibrated against the Raman bands of cyclohexane and carbon tetrachloride. The calibration error was within 1 cm^−1^ for prominent bands.

DFT calculations {#Sec14}
----------------

The geometry optimisation and normal mode analysis were performed at the B3LYP/6-31 G\* level. All the calculations were performed with Gaussian16 program package. A normal mode analysis was performed with DFT at the ground state equilibrium structure. To simplify the result spectra and avoid a high cost of calculation, a free-base porphyrin consisting of methoxy-substitutions at the 2,5-position of the *meso*-phenyl groups (compound **6**, Fig. [1a](#Fig1){ref-type="fig"}) was considered as the model compound. Assignments of the normal modes of compound **6** predicted by the DFT calculations were made based on the symmetry and the calculated frequencies agreed well with the experimentally observed frequencies (Supplementary Table [2](#MOESM1){ref-type="media"}).

Electret device fabrication {#Sec15}
---------------------------

A liquid porphyrin film (with compound **2**) was formed on a glass substrate with patterned ITO electrodes by blade coating (Supplementary Fig. [29](#MOESM1){ref-type="media"}). Because of the high viscosity of the liquid porphyrin, no repellence was observed between the ITO substrate and liquid sample and a uniform film was formed. This film was charged through a corona discharge process. In the corona discharge process, an electrical discharge gun (Green Techno Co Ltd., GC-80N) which was connected to a voltage source was used for the ionisation of gas molecules in air. The film was placed on a hot plate (at 393 K) which was set below the corona-discharge gun at a distance of 30 cm. The corona discharge process was run for 30 min with applied voltage of −6.8 kV at 393 K. The charged gas ions (HO^−^, NO~2~^−^, NO~3~^−^, etc.) generated by corona discharge were flown down to the surface of the liquid porphyrin film, where they were trapped. Subsequently, the entire substrate was heated for further promoting charge injection into the porphyrin core. During the corona discharge process, liquid porphyrin gradually became charged and moved to the bottom electrodes that were connected to the ground, indicating their charged-state characteristics.

Data availability {#Sec16}
=================

The data that support the finding of this study are available from the corresponding author on reasonable request.
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